Acetic acid has been used for decades as an aid for the detection of precancerous cervical lesions, and the use of acetic acid is being investigated in several other tissues. Nonetheless, the mechanism of acetowhitening is unclear. This work tests some of the hypotheses in the literature and measures changes in light scattering specific to the nucleus and the cytoplasm. Wide angle side scattering from both the nucleus and the cytoplasm increases with acetic application to tumorigenic cells, with the increase in nuclear scattering being greater. In one cell line, the changes in nuclear scattering are likely due to an increase in number or scattering efficiency of scattering centers smaller than the wavelength of excitation light. There are likely several cellular changes that cause acetowhitening and the cellular changes may differ with cell type. These results should lead to a better understanding of acetowhitening and potentially the development of adjunct techniques to improve the utility of acetic acid application. For the well-studied case of cervical tissue, acetowhitening has been shown to be sensitive, but not specific for oncogenic changes needing treatment.
Introduction
Acetic acid has been used for decades as an aid for the detection of precancerous cervical lesions. Regions of the tissue that become white upon application of acetic acid are more likely to be precancerous. More recently acetic acid has been shown to have potential for the detection of neoplastic lesions associated with Barrett's esophagus yielding a significant increase in the rate of detection of neoplastic lesions. 1 Acetic acid, and acetic acid indigocarmine mixtures have also been reported to enhance the diagnosis, and margin location, respectively, of gastric cancers. 2, 3 Acetic acid may also be useful for the detection of oral cancer. 4 Despite the increasing use of acetic acid, the mechanism of acetowhitening is not understood and the biological factors necessary for acetowhitening are not known.
Human papilloma virus (HPV) infection is a major etiological factor in cervical carcinoma and oral HPV infection is reported to be strongly associated with oropharyngeal cancer. 5 The association of HPV with neoplasia and Barrett's esophagus is controversial. 6, 7 Given these associations of HPV with cancers for which acetic acid application is being used or tested, the possible association of acetowhitening with HPV infection is of interest. HPV infection rates have been found to be the same in women with and without acetowhitening of the uterine cervix. However, the type of HPV infection is different in the patients with acetowhite lesions. Oncogenic HPV phenotypes are much more prevalent in patients with acetowhite lesions. 8 The causative link between cancerous and precancerous lesions and acetowhitening is unclear. The diagnostic usefulness of acetowhitening may be caused by a change in expression of nuclear or cytoplasmic proteins due to oncogenic changes. Whether or not a viral infection is a necessary part of the oncogenic progression is not known. The idea of nuclear protein precipitation is a commonly stated cause of acetowhitening 9 and this idea is consistent with the fact that metaplastic or healing tissue, which have increased nuclear protein, can both display acetowhitening. 10 Alternatively, cytokeratin expression has been hypothesized to be an essential requirement for acetowhitening. 11 Acetowhitening is an increase in the amount of reflected light from cells at or near the tissue surface. There is evidence that changes in the cytoplasm upon acetic acid application contribute to acetowhitening. 12 Backscattering of light from the nucleus is strongly enhanced after the application of 6% acetic acid. [13] [14] [15] This effect occurs in both normal and cancerous cells or tissue specimens. 14, 15 Possibly the difference in acetowhitening between normal and cancerous tissue is related to the dynamics of acetowhitening. Normal cells have been shown to return to normal after the removal of acetic acid much faster than cancerous cells in vitro. 16 In order to better understand the changes in light scattering that lead to acetowhitening we have measured wide angle side scattering in two cancerous cell lines and correlated side scattering images with fluorescent images of the cell nuclei and with brightfield images.
Methods

Cell Culture
The tumorigenic fibroblast cell line, MR1, which does not contain cytokeratins was used. The cell line has both myc and ras mutations, the latter of which lead to its tumorigenicity. 17 The cervical carcinoma cell line, SiHa, was also used, which contains the oncogenic human papallomavirus, HPV-16. MR1 rat fibroblast cells and SiHa human epithelial cells were each maintained in monolayer culture using standard mammalian cell culture at 37°C. Details of the cell culture and harvesting for flow cytometry have been previously published. 18 
Cell Staining and Exposure to Acetic Acid
Hoechst 33342 (H1399) was used to stain the nuclei. It is a live cell stain which binds the minor groove of double stranded DNA. This binding increases the fluorescence quantum yield by about a factor of 10 (according to the product information). The unbound spectra is pH dependent. We found that nuclear fluorescence intensity increases when acetic acid is present. MitoTracker Orange CMTMRos (M7510) was used to stain mitochondria. This dye concentrates in the mitochondria of live cells. LysoSensor Green DND-189 (L-7535) was used for staining lysosomes. This dye has a pKa of ∼5.2 and accumulates in acidic organelles as the result of protonation which also results in an increase in fluorescence intensity. All dyes were purchased from Invitrogen (Eugene, OR).
Before staining, MR1 and SiHa cells were suspended in DMEM and αMEM complete media, respectively, at a concentration of 10 6 cells∕mL. All cell staining was performed at room temperature with the room lights off. The cells were first incubated in 16 μM Hoechst 33342 for 15 min. Subsequently, the cells were incubated in 80 nM LysoSensor dye for 5 min. Next, the cell suspension was incubated with 292 nM Mito-Tracker Orange CMTMRos for 5 min. To remove any unbound dyes, 10 mL PBS was added to the cell suspension, the cells were centrifuged for 5 min at 320 × g (Beckman CS-6R Centrifuge, Beckman Coulter, Inc., Hialeah, FL) and the supernatant was removed. The cell pellet was gently resuspended in 150 μL DMEM or αMEM complete media and treated again with Hoechst 33342 dye (4.8 μM). Roughly 5 min after the staining was complete, 50 μL acetic acid (AA) 2.4% was added to some samples resulting in a final acetic acid concentration of 0.6%. After adding the AA the cells were kept in incubator at 37°C. Roughly 5 min after the AA was added the cells were analyzed by flow cytometry.
Flow Cytometry Imagery
Flow cytometry imaging was performed using an ImageStream X flow cytometer (Amnis Corporation, Seattle, WA). A schematic of the instrument and details of data collection have been previously published. 18 The most important aspects for this work are that a 0.75 NA, 40× collection objective with a 4-μm depth of field was used for data collection, and that all images were obtained at 90 deg from the incident excitation except the brightfield image which was obtained in the standard straight through geometry. The 0.75 NA of the microscope objective meant that light was collected over an angle range of ∼97 deg centered at 90 deg. Light scattering was measured at 785 nm with a linearly polarized laser. The polarization of the 785 nm laser beam is normally in the plane containing the excitation and light collection pathways. Data were also taken with the polarization rotated 90 deg. This was achieved by inserting a λ∕2 waveplate followed by a linear polarizer into the beam path of the 785 nm laser. Compensation (e.g., correcting for the fluorescence of LysoSensor in the Hoechst channel) was initially performed using the semi-automated procedure provided in the IDEAS Software that requires data from individually stained samples. 19 For five of our 12 acetic acid containing samples the automated compensation routine was not adequate and manual compensation was performed. (There was no correlation between the need for manual compensation and either cell type or excitation light polarization.) Images of single, in focus cells were selected for analysis. The data sets of cells not exposed to acetic acid are identical to those in Ref. 18.
Quantifying Side Scatter from the Nucleus and Cytoplasm
For each cell, masks were used to define the outline of the cell and the outline of the nucleus. The details of how these masks were defined is described in Sec. 3.1, where images of the cells are shown. The following analysis of the images is slightly different than that used in Ref. 18 . In that paper, we corrected the scattering of the cells (which were not exposed to acetic acid) for the fact that staining with Hoechst caused a statistically significant increase in scattering. No statistically significant increase in scattering was seen for Hoechst staining of acetic acid exposed cells. To have a standard method of data analysis and because the increase in scattering upon acetic acid exposure is much greater than that of Hoechst staining, no corrections were done to account for increased scattering with Hoechst staining. The microscope objective used in these experiments has a depth of field of 4 μm. The MR1 and SiHa cells are about 12 and 13 μm in diameter, respectively. Consequently, all of the side scattered light may not be collected and/or some of the collected light is out of focus. To quantitate our results further, results for two models of light collection are calculated both of which assume spherical cells.
(1) Slice model: Only side scattered light from a slice of width 4 μm was measured.
(2) Total model: Side scattered light was collected from the whole cell.
The radius of each cell, R, is estimated from the images by calculating the area, A, of the brightfield image using the cell mask and then calculating R from the formula A ¼ πR 2 . The volume of the cell can then be calculated as V ¼ 4 3 πR 3 . This calculation assumes the cells are spherical which is a good approximation as can be seen from the cells in Fig. 1 . The nuclei, however, are not as spherical. Using the (projected) image area of the nucleus will in some cases overestimate the size of the nucleus and in other cases underestimate it. By averaging the radii calculated using the masks generated from nuclei images, a good approximation to the average radii of an equal volume sphere can be obtained for each experiment.
The top and middle of Fig. 2 are illustrations of a nucleus of radius r, and cell of radius R, respectively. Both illustrations include a 4-μm thick slice, and the optical light collection axis is vertical in the figure. If scattered light is only collected from a 4-μm thick slice of the cell, then the measurement volume defined by the nuclear mask is πr 2 4. The nuclear volume within this measurement volume is given by V nucslice in Eq. (1), where V nuc is the volume of the nucleus, r is the radius of the nucleus, and h ¼ r − 2, when the radius is given in microns. [The volume of a spherical cap is given by 1 3 πh 2 ð3r − hÞ.] The total side scattering from the nucleus can then be calculated using Eq. (2), where I Nmeas is the intensity of scattering in an area of the side scattering image corresponding to the nuclear mask and the length unit is microns. The last fraction in Eq. (2) accounts for the fact that a small part of the measurement volume was not the nucleus
and
The volume of the cytoplasm is
The cytoplasmic volume of a 4-μm thick section of the center of the cell is given by Eq. (3), where R is the radius of the cell and l ¼ R − 2 when the cell radius is given in microns. The total side scattering from the cytoplasm is then given by Eq. (4), where I Cmeas is the total intensity of side scattering in the cellular mask
Equations (2) and (4) are results for the slice model and were used to calculate the percentage of scattering for the nucleus and for the cytoplasm.
One caveat to the above calculation is that on average the radius calculated from the projected area will likely overestimate the volume if the object is not spherical. (This result has been proven for convex solids. The surface area of the solid is equal to the projected area times 4. 20 The sphere of volume, V ¼ 4 3 πr 3
has the same surface area. A sphere is the three-dimensional solid with the largest volume to surface area ratio. Therefore, the volume of the convex solid is overestimated when using our sphere model.) By assuming that the nuclei are oblate spheroids (i.e., oblate ellipsoids of revolution), an estimate of this effect can be made. The overestimation of volume was 1% and was corrected for in the calculations. In the total model, we assume all scattered light is collected, however, light from the ends of the cell may be out of focus, since the cells are usually more than 10 μm in diameter and the depth of focus of the light collection objective is 4 μm. The volume of a cell seen in cross section as Hoechst stained is shown in the bottom of Fig. 2 . Due to defocussing, some of the scattered light from the ends of the cells shown in the bottom of Fig. 2 will show up in the images as light outside of the region shown. To properly account for this effect, the point spread function as a function of displacement along the axis of the collection objective is needed. This information can be approximated by examining the radii of the brightfield images of defocussed cells and knowledge of the distribution of displacements of particles running through the instrument (i.e., variation in the hydrodynamic focussing position.) Using this information, the defocussing of the plain perpendicular to collection axis containing a dotted line was estimated to spread the scattering intensity into an area with a radii 0.4 μm too large. The data were corrected for this defocussing. I Ncorr and I Ccorr are the amount of light scattering from the area of the nuclear and cellular masks, respectively, corrected for defocusing. (I Ncorr is greater than I Nmeas by only a few percent.)
The side scatter intensity from the region of the side scatter image corresponding to Hoechst staining (i.e., the nuclear mask) is from both the nucleus and the cytoplasm. This volume can be Fig. 1 (a) to (c) Images of a SiHa cell not exposed to acetic acid. (d) to (f) Images of a SiHa cell exposed to 0.6% acetic acid. The scales on the x and y axes are in microns. Side scatter intensity is presented on the same log scale for (b) and (e). Hoechst intensity was much greater for acetic acid exposed cells as seen by comparing the intensity scales of (f) and (c).
described as a cylinder with two spherical caps where the dotted lines in Fig. 2 are the ends of the cylinder. A calculation of the volume is given by Eq. (6), where L is the length of the cylinder
The intensity of light scattering from the cytoplasm per volume, D cyto , can be determined using the intensity of scattered light from the area of the cell images not stained with Hoechst and is given in Eq. (7) . The fraction of total side scattering from the cytoplasm can then be calculated by multiplying D cyto by the cytoplasmic volume and dividing by the total measured scattering. The intensity of light scattering from the nucleus per volume, D nuc is given by Eq. (8) and was used to calculate the percent of total side scattering from the nucleus
Number of Experiments
For cells exposed to acetic acid, three separate preparations of MR1 cells were measured with the standard instrument light polarization and three separate preparations of MR1 cells were measured with the light polarization rotated 90 deg. Analogous experiments were done for SiHa cells resulting in 12 separate experiments using cells exposed to acetic acid. The measurements without acetic acid were described earlier. 18 They were analogous except that one extra experiment using MR1 cells and the standard instrument polarization was performed for a total 13 experiments using cells not exposed to acetic acid. For each experiment, the presented results are for at least 1100 cells.
Results
Example Images
Example brightfield, log of side scatter, and Hoechst images are shown in Fig. 1 for two SiHa cells. Images of a cell not exposed to acetic acid are on the top row, while images from a cell exposed to 0.6% acetic acid are on the bottom row. The yellow lines show the outline of the masks used to define each cell for the calculations described below. For all cells, these masks were generated using the default mask provided by the Amnis system software and eroding 3 pixels around the circumference of the mask. The masks were reduced in size because visual examination of the images showed that the default mask was bigger than the cell and/or bigger than the side scattering image. The red lines on the Hoechst images are each the outline of the mask defining the nucleus. For each cell, the nuclear mask outline was drawn to include all pixels with intensity values in the upper 80% of the range of pixel intensities of Hoechst fluorescence for that cell. The black lines are each the outline of a region defined by the Hoechst mask just described with areas removed for which LysoSensor fluorescence was in the upper 65% of the range found for that cell. Some of the changes between these two cells are representative of changes accompanying acetic acid exposure. The brightfield images of the acetic acid exposed cells were different from those of the nonacetic acid exposed cells. For SiHa cells, there were often features related to the nucleus perimeter in the brightfield image as is true for Fig. 1(d) . For the MR1 cells, this effect was less pronounced, but still noticable for some cells. The side scattering was more intense for cells exposed to acetic acid as is seen in the example of Fig. 1 .
Effects of Staining and Acetic Acid Application
In previous work, we reported that cells stained with Hoechst or cells stained with all three stains had increased side-scattering compared to unstained cells. 18 This effect was not significant when the cells were treated with acetic acid. We also reported a small decrease in the size of SiHa cells as well as a very small decrease in nuclear size when all three stains were applied. None of these effects were significant when acetic acid was applied to the cells. The only significant change in cell or nuclear size with staining and treatment with acetic acid was a 2% increase in cell area of MR1 cells when stained with Hoechst only. This result was not significant when all three stains were used. A significance level of 0.05 was used for all calculations. In conclusion, there are no significant effects of staining the cells with Hoechst, LysoSensor, and MitoTracker when the cells were also exposed to acetic acid. Acetic acid has been reported to swells cells and tissue. 21, 22 Therefore, cell images were examined to determine whether there were differences in the size of cells exposed to acetic acid versus those that were not exposed to acetic acid. The average cell area was computed from the brightfield images for each experiment and then the mean cell size for each of the acetic acid and nonacetic acid experiments were calculated for each cell type resulting in the calculation of 4 means and 4 corresponding standard deviations. These results are shown in Fig. 3 along with nuclear cross sectional areas. There was no significant difference in the size of the MR1 cells treated with acetic acid compared with those not treated with acetic acid. This result is slightly surprising as we have measured transient cell swelling in MR1 cells 5 min after application of 0.3% acetic acid (unpublished data). There was a significant increase in the size of the SiHa cells (p ¼ 0.0085). There was no significant difference in nuclear size with 0.6% acetic acid treatment for either cell type.
The fluorescent stains used in this work were designed for use near neutral pH. Examination of fluorescent images indicated that MitoTracker Orange is not specific for mitochondria in the cells exposed to acetic acid. The overlap of MitoTracker Orange and Hoechst is much greater for the cells exposed to acetic acid than for unexposed cells. Consequently, MitoTracker fluorescence is not analyzed in this paper. LysoSensor Green DND-189 has a pKa of ∼5.2. The pH of the media used for SiHa and MR1 cells with the addition of 0.6% acetic acid was measured to be 4.0 and 3.8, respectively. The exact pH inside the cells is not known, however, there is clearly a general decrease in cellular pH and the specificity of LysoSensor for the normally acetic organelles is not known. The overlap of Lyso-Sensor and Hoechst fluorescence, however, did not increase in the acetic acid exposed cells.
Changes in Light Scattering when Acetic Acid is Applied
The application of acetic acid to tissue causes acetowhitening which is at least in part an increase in light scattering from cells near the tissue surface. Figure 4 shows that side scattering is much greater for the cells in 0.6% acetic acid. The increase depends on whether the incident light was polarized parallel or perpendicular to the scattering plane. (The scattering plane is defined as a plane containing both the incident light path and the collection light path.) To understand whether the increases in scattering were due to changes in the nucleus or the cytoplasm, we calculated the scattering of the cytoplasm relative to that of the whole cell, R cyto normalized by the relative areas. In Eqs (9) to (11) , A cell and A nucleus are the areas of the cell and nuclear masks examples of which are shown in Fig. 1 and I Cmeas and I Nmeas are the scattering intensities in the area of the side scattering images defined by these masks
I cyto ¼ I Cmeas − I Nmeas ; and (10) Figure 5 shows the relative efficiency of scattering from the cytoplasm. The side scattering efficiency of the cytoplasm drops when acetic acid is added. Therefore, the relative side scattering efficiency of the nucleus increases. This simple analysis of the data does not take into account the spherical shape of the cell but assumes the cell is cylindrical and that there is no overlap of cytoplasm and nucleus along the axis of light collection. In the following analysis, these assumptions are not made. Nonetheless, the new analysis does not change the qualitative result that acetic acid increases the side scattering efficiency of the nucleus more than the side scattering efficiency of the cytoplasm.
The microscope objective used in these experiments has a depth of field of 4 μm. The MR1 and SiHa cells are about 12 and 13 μm in diameter, respectively. Consequently, all of the side scattered light may not be collected and/or some of the collected light is out of focus. To quantitate our results further, two models of light collection were used both of which assume spherical cells.
The percent of scattering from the nucleus is shown in Fig. 6 for both models and for both cell types. Figure 6(a) are the results for MR1 cells. The percent of scattering from the nucleus increases when acetic acid is present from about 40%-45% to 50%-55% using the slice model. In the total model, the changes are even greater. Figure 6(b) are the results for SiHa cells. The changes are smaller for the SiHa cells. The percent of scattering from the nucleus increases, but not as dramatically as for the MR1 cells.
Some differences in the results with the slice model and the total model for MR1 cells are consistent with scattering from organelles being ascribed to the nucleus in the slice model. Scattering efficiencies of the nucleus were calculated using either masks covering the entire nucleus or covering only areas of the nucleus where there was no LysoSensor fluorescence. These calculations were done analogously to those for the cytoplasm described in Eqs. (9) to (11) . For MR1 cells, the scattering efficiencies were about 8% higher for the masks covering the entire nucleus, indicating that stronger scattering was occurring from LysoSensor stained areas. For the SiHa cells, there was no difference in the scattering efficiencies for the two masks, meaning either that the light scattering from the Hoechst stained regions was purely from the nucleus (since the SiHa cells are larger) or that scattering efficiency was similar for LysoSensor and Hoechst stained areas.
The results of Fig. 6 clearly show that the nuclear scattering increases more than cytoplasmic scattering. The data in Figs. 4 and 6 can be combined to estimate how much scattering from the nucleus and cytoplasm increase, respectively. The results are given in Table 1 .
Discussion
Cytokeratin 10 expression has been hypothesized to be required for acetowhitening. 11 The strong increase in light scattering for MR1 cells which do not express cytokeratins demonstrates that cytokeratins are not critical for acetowhitening.
To test the hypothesis that nucleoprotein precipitation is the cause of acetowhitening, 10 the increase in side scattering in the cytoplasmic and nuclear regions of the cells was quantified. In all cases there were significant increases in both nuclear and cytoplasmic scattering. Nucleoprotein precipitation may account for the increase in scattering in the nucleus upon acetic acid application, but it does not account for the changes in the cytoplasm. The strong increase in light scattering by MR1 cells demonstrates that acetowhitening can occur in vitro without HPV being present. This result is consistent with a clinical study showing that 14% of patients presenting with acetowhite lesions did not have HPV. 8 In the same study, 87% of patients without acetowhite lesions had HPV. There may not be any connection between acetowhitening and HPV. An alternative hypothesis is that acetowhitening occurs in response to changes caused by high-risk HPV types as well as other changes in tissue, such as metaplasia.
Our results demonstrate that wide angle side scattering increases from both the nucleus and the cytoplasm regardless of which model of light collection (slice or total) we use in analyzing the data ( Table 1 ). The calculated increases in nuclear scattering upon acetic acid addition are less in the "slice model" than the "total model" possibly because some of the scattering attributed to the nucleus was actually from the cytoplasm. Having some of the cytoplasmic scattering attributed to the nucleus also means that the slice model may overestimate the scattering from the nucleus in Fig. 6 . Nonetheless, use of the two models provides limits on the results and demonstrates that the qualitative results are not model dependent. The true results are likely in between those of the slice model and the total model; closer to those of the total model. A striking result when the "total model" of light collection is used is that scattering from nuclei of MR1 cells increases by a factor of 8 or 18 depending on whether the incident light is parallel or perpendicular to the scattering plane. In the slice model, a similar dependence on polarization was seen. This dependence on polarization provides information on the size of the scattering centers generated or changed by acetic acid application. Light scattering from a distribution of large particles (≥1 μm) is independent of polarization. 23 However, light scattering from small particles is greater when the polarization is perpendicular to the scattering plane (see for example Ref. 24) . Therefore, the acetic acid must have caused an increase in either the number or refractive index of scattering centers that are much smaller than the wavelength of light in the nuclei of MR1 cells. The increase in light scattering from the nuclei in SiHa cells is less and does not show a dependence on light polarization. Therefore, some of the mechanisms of acetowhitening may be different between these two cell lines.
Angular dependent scattering from isolated nuclei, isolated mitochondria, as well as from the cytoplasmic fraction have been previously reported for SiHa cells with and without 0.3% acetic acid. 12 The increase in scattering was small or insignificant at small angles for all three suspensions. For the nuclei and cytoplasmic fraction, the change in scattering increases with angle to about 90 deg and then stays nearly constant. The increase in scattering for the acetic acid containing suspensions was greater for the cytoplasmic fraction than for the nuclear fraction. For the mitochondrial suspension, the increase in scattering with 0.3% acetic acid was small at all angles. The results for isolated cell components may not completely mimic the changes of those components in the cell. The nucleus has the ability to regulate its own pH which is typically slightly higher than that of the cytoplasm 25 and under acidic conditions, the nuclear pH may not drop as much as the cytoplasmic pH. 26 In our work presented here, changes in nuclear and cytoplasmic scattering were measured in intact cells and the results demonstrate that the change in nuclear light scattering when acetic acid is present is greater than that of the cytoplasm.
Confocal images of SiHa cells and cervical tissue before and after the application of 6% acetic acid using 808 nm excitation have also been reported. 15 In both the cells and excised tissue, an increase in backscattering was seen from the nucleus. In some of the excised tissue specimens, a slight increase in cytoplasmic scattering was also noted. In our work using SiHa cells, the increase in side scattering was less than a factor of two different between the nucleus and the cytoplasm for the slice model and less than a factor of 3 different in the total model (Table 1) . Our work did not measure backscattering, but rather measured wide (97 deg) angle side scatter. Potentially, this is the cause of the discrepancy in results. Alternatively, the difference in results could be caused by the difference in acetic acid concentrations used. In this work, we used 0.6% acetic acid, in vivo 3% to 5% acetic acid is typically applied to the cervix. The epithelium of the cervix, like all epithelia, is a barrier that regulates the flow of molecules. The ectocervix is comprised of stratified squamous epithelium. The top layer of the epithelium is comprised of glycogen containing, cornified cells. 27 Some cornified epithelial layers provide significant protection to the underlying epithelial cells, 28 however, we have not been able to find proof of this for the specific case of the cervical epithelium. A few cell layers down tight junctions between cells restrict the movement of molecules passing between the cells. 27 The concentration of acetic acid is likely much less in the lower layers of the epithelium. This view is supported by modeling of acetic acid in the epithelium. 29 While we do not know the exact concentration of acetic acid in the epithelium, we do know that fairly low concentrations of acetic acid can cause permanent damage to cells in vitro. We performed measurements of the ability of MR1 and SiHa cells to continue growing in vitro after application of acetic acid which demonstrated that after only 5 min in 0.3% acetic acid, the ability of these cells to grow was greatly reduced (unpublished data). Similarly, Wu and Qu 12 used 0.3% and 0.6% acetic acid in their work and reported that permanent cell damage occurred when concentrations of 1.2% or more was used. Therefore, we chose a concentration of acetic acid that was expected to provide a large affect, but not immediately kill the cells. When comparing the concentration of acetic acid used in this work to that used in vivo, another important factor is that the buffering capicity of cellular tissue is likely very different from that of cell culture. There are many more cells in a given volume and fluid movement in the epithelium and blood flow under the epithelium may also provide additional pH buffering. A low concentration of acetic acid in vitro may have effects on cells similar to those that occur when a higher concentration of acetic acid is used in vivo.
In vivo, the concentration of acetic acid in tissue is likely changing over time as the acetic acid is diluted both by passive and active processes. The effect of acetic acid on cells, depends on how long cells have been exposed and at what concentration. Here we studied a static exposure to acetic acid. Studies of other concentrations and exposure times will be needed to determine if the nucleus and cytoplasm respond similarly to other conditions.
Our results are for 785 nm excitation. This wavelength is sometimes used in optical diagnostics, but it is not visible except at very high intensities. The acetowhitening seen by clinicians is from light scattering at shorter, visible wavelengths. The results presented here will change slightly at the shorter wavelengths. The intensity of light scattering from particles much smaller than the wavelength of light being used goes as λ −4 . Therefore, more light scattering would be expected from particles that are a few 10's of nm or less in size. For MR1 cells, which demonstrated an increase in small scattering centers in the nucleus upon acetic acid application, the increase in nuclear scattering might be even more pronounced.
Acetic acid application is sensitive but not specific for high grade squamous epithelial lesions (HSIL) of the cervix which are a precancerous lesion requiring treatment. In one study, 93% of women with HSIL had acetowhite lesions. However, 74% of women without HSIL also had acetowhite lesions. 30 The same paper reports that sensitivity is best when the presence of an acetowhite lesion rather than detailed colposcopic grading is used to decide whether to biopsy. To avoid unnecessary biopsies and their associated costs and patient stress, improvements in the techniques for choosing when and where to biopsy are needed. Measurements of the changes in light scattering over time after acetic acid application are being investigated as a means to improve biopsy choice. 29 However, colposcopic examination of a patient in real-time versus examination of a still image has been reported to have no clinically meaningful difference. 30 
Conclusions
A better understanding of how acetic acid causes acetowhitening and what properties of a cell or tissue cause acetowhitening can potentially lead to new or improved techniques to biopsy only precancerous or cancerous lesions in a wide variety of tissues. Combining our results with information in the literature we reach the following conclusions.
• Wide angle side scattering from both the nucleus and the cytoplasm increases when acetic acid is applied to the cells.
• The increase is greater for the nucleus.
• The data are consistent with nuclear protein precipitation being one of the causes of acetowhitening, but not the only one.
• For one cell line, the increase in light scattering from the nucleus was strongly polarization dependent indicating that either many scattering centers much smaller than the wavelength of light were generated or the index of refraction of such scattering centers increased.
• The hypothesis in the literature that cytokeratin 10 is required is incorrect.
• HPV is neither required nor sufficient for acetowhitening.
